We have investigated the thermodynamics of sulfuric acid dimer hydration using ab initio quantum mechanical methods. For (H 2 SO 4 ) 2 (H 2 O) n where n = 0−6, we employed high-level ab initio calculations to locate the most stable minima for each cluster size. The results presented herein yield a detailed understanding of the first deprotonation of sulfuric acid as a function of temperature for a system consisting of two sulfuric acid molecules and up to six waters. At 0 K, a cluster of two sulfuric acid molecules and one water remains undissociated. Addition of a second water begins the deprotonation of the first sulfuric acid leading to the di-ionic species (the bisulfate anion HSO 4 − , the hydronium cation H 3 O + , an undissociated sulfuric acid molecule, and a water). Upon the addition of a third water molecule, the second sulfuric acid molecule begins to dissociate. For the (H 2 SO 4 ) 2 (H 2 O) 3 cluster, the di-ionic cluster is a few kcal mol −1 more stable than the neutral cluster, which is just slightly more stable than the tetra-ionic cluster (two bisulfate anions, two hydronium cations, and one water). With four water molecules, the tetra-ionic cluster, (HSO 4 − ) 2 (H 3 O + ) 2 (H 2 O) 2 , becomes as favorable as the di-ionic cluster H 2 SO 4 (HSO 4 − )(H 3 O + )(H 2 O) 3 at 0 K. Increasing the temperature favors the undissociated clusters, and at room temperature we predict that the di-ionic species is slightly more favorable than the neutral cluster once three waters have been added to the cluster. The tetra-ionic species competes with the di-ionic species once five waters have been added to the cluster. The thermodynamics of stepwise hydration of sulfuric acid dimer is similar to that of the monomer; it is favorable up to n = 4−5 at 298 K. A much more thermodynamically favorable pathway forming sulfuric acid dimer hydrates is through the combination of sulfuric acid monomer hydrates, but the low concentration of sulfuric acid relative to water vapor at ambient conditions limits that process. | J. Phys. Chem. A 2012, 116, 9745−9758 a Harm. = using harmonic frequencies; anharm = using VPT2 fundamental frequencies; sc harm. = using scaling factors for the ZPVE, ΔH vib (298.15K) and S vib (298.15K) of 0.981, 1.053, and 1.095. b Mean absolute error relative to the anharmonic value.
INTRODUCTION
Hydration of acids plays a key role in the atmosphere 1 as a source of aerosol nucleation intermediates and catalytic agents in many reactions. As such, an accurate physical understanding of these phenomena is essential for modeling atmospheric processes. 2 Atmospheric aerosols are thought to have a significant cooling effect on the global climate, but the extent of the effect is uncertain. 3 The forcing effects of aerosols remain the most uncertain parameters in atmospheric studies of global warming, 3−6 which makes the study of aerosol formation one of the most important endeavors today. The direct scattering of incoming radiation causes atmospheric cooling, whereas absorption can cause atmospheric warming. The increasing extent of water itself in the lower atmosphere has significant implications for global warming. 1, 7, 8 A small number of nanoscale aerosols grow to much larger cloud condensation nuclei (CCN) and change the precipitation efficiency of clouds as well as cause a cooling effect because of increased cloud albedo.
Aerosols are particulate matter suspended in a gas. Primary aerosols are directly injected into the atmosphere whereas secondary aerosols form in the atmosphere through physical and chemical interactions of condensable vapors. The main molecular player in secondary aerosol formation is sulfuric acid because it is easily formed in the atmosphere from the oxidation of SO 2 and serves as an effective nucleating species. 6 Experimental observations over a very broad range of atmospheric and laboratory conditions have shown that new particle formation depends on the concentration of sulfuric acid. 9−13 The formation of new particles proceeds through two phases: a nucleation phase leading to a metastable critical cluster (∼1−3 nm in diameter) and a growth phase where the critical cluster increases readily in size. 14, 15 Besides binary homogeneous nucleation (BHN) of sulfuric acid and water, ternary nucleation (THN) involving ammonia and amines and those incorporating organic acids 16−19 and ions (IIN) 20−22 are expected to be significant in the continental boundary layer. 23 Even though small particles less than 3 nm in diameter initiate aerosol formation, 10 our insight into this process is incomplete because the size detection of experimental apparati has been limited to 3 nm or larger in diameter until recent advances extended it to 1.3−1.5 nm. 10,24−26 The challenge of detecting, counting, and determining the exact composition of these molecular clusters as they grow to a critical cluster has hindered the development of models of aerosol activation and growth based solely on experiment. 27−29 Most theoretical studies of sulfuric acid/water nucleation use a version of classical nucleation theory (CNT) that models new particle formation based on bulk properties such as surface tension, molar volume, partial molar volumes, vapor pressures, and equilibrium vapor pressures. 30−43 Current models of secondary aerosol formation largely underestimate what is observed in the atmosphere. 9,13,24,44−47 One of the reasons for this discrepancy could be the hydration of sulfuric acid. Sulfuric acid forms hydrates even at low (<20%) relative humidity, 48, 49 decreasing the number of free acid monomers, stabilizing the vapor and increasing the nucleation barrier such that CNT nucleation rates are reduced by a factor of 10 3 −10 8 compared to those in the absence of hydration. 41, 49 To incorporate the effect of hydration on nucleation rates, many models have used a combination of experimental 50 and theoretical equilibrium constants of hydration. 41, 47 Experimental equilibrium constants' error bars 50 are large and computed values vary substantially for density functional theory (DFT) 51−56 and ab initio methods. 57, 58 The most reliable computational studies of sulfuric acid hydrate formation to date are from the Helsinki group, 58 who have shown that MP2 ab initio calculations extrapolated to the complete basis set limit and corrected for vibrational anharmonicity yield equilibrium constants of hydration that are close to the available experimental values of Hanson and Eisele, 50 and from our group. 59 Our recent paper introduced an improved basis set extrapolation scheme, accounted for molecular symmetry for finite temperature corrections, extended the study of H 2 SO 4 to hexahydrates, explored a larger configurational space for the hydrate isomers, incorporated all low-lying isomers into the final energies by Boltzmann averaging, and updated the discussion with the most recent experimental results on the sulfuric acid−water system. In this paper we extend our previous work on a single sulfuric acid to two sulfuric acids with up to six water molecules. We searched for the minimum energy structures of sulfuric acid hydrates (H 2 SO 4 ) 2 (H 2 O) n=0−6 and determined the thermodynamic properties of these clusters. The computed Gibbs free energies were used to estimate the concentrations of the hydrates at three temperatures germane to the troposphere. We used these results to gain further insight into the binary nucleation of sulfuric acid and water, as well as the nature of acid dissociation at a molecular level. This work is a continuation of longstanding efforts to explore ion−molecule interactions, 60 , quantum mechanical  optimizations can locate minima of type I, II, and III starting with undissociated (I) structures. The structures were optimized at the second-order Møller−Plesset perturbation theory (MP2) level with the 6-31+G* basis set enforcing strict convergence criteria (rms gradient <1 × 10 −5 au/Å and rms displacement <4 × 10 −5 Å) using Gaussian 09. 99 The converged minima were subject to single-point energy calculations with the resolution of the identity MP2 (RI-MP2) method 100,101 using ORCA 2.8.0. 102 We obtained RI-MP2 complete basis set (CBS) binding energies using Dunning's augmented correlation-consistent basis sets (augcc-pVNZ, N = D, T, Q) 103−105 and corresponding auxiliary basis sets. 106 In the results that follow we denote Dunning's aug-cc-pVNZ basis sets by aVNZ.
To obtain accurate interaction energies of these noncovalently bonded systems, we followed past practice and extrapolated the energy to the CBS limit. The RI-MP2/CBS limit was estimated using the 4−5 inverse polynomial extrapolation 107,108 that has been used extensively for water clusters: ) where E N RI-MP2 is the RI-MP2/aVNZ//MP2/6-31+G* energy, E CBS RI-MP2 is the extrapolated RI-MP2/CBS//6-31+G* energy, N is the largest angular momentum number for the aVNZ basis set (N = 2, 3, 4 for N = D, T, Q, respectively), and b and c are fitting parameters. 107, 109 We have demonstrated that the 4−5 inverse polynomial extrapolation (eq 1) scheme performs better than Halkier's conventional basis set extrapolation for water clusters, sulfuric acid hydrates and bisulfate hydrates. 59, 69, 89 Zero-point corrected energies [E(0)], energies including finite temperature corrections [E(T)], enthalpies [H(T)], and Gibbs free energies [G(T)], were evaluated by combining the MP2/6-31+G* thermodynamic corrections with the RI-MP2/ CBS electronic energies. Thermodynamic corrections are traditionally calculated from canonical partition functions with the assumption that the various degrees of freedom can be treated adequately using the ideal gas, rigid rotor, and harmonic oscillator (RRHO) approximations. The harmonic approximation of vibrational modes is considered problematic in the case of low frequency, large amplitude intermolecular modes of weakly bound systems. We have partially corrected for anharmonic behavior by scaling the harmonic ZPVE and thermodynamic corrections to match second-order vibrational perturbation theory (VPT2) 110 anharmonic values. For small water clusters and sulfuric acid monomer hydrates we have previously determined and applied multiplicative scaling factors for the ZPVE, ΔH vib (T), and S vib (T) expressions using MP2/ aVDZ. 59, 89, 90 The method is accurate enough that for the much studied water hexamer system, 111−114 we have been able to predict the three lowest lying isomers (Prism, Cage, and Book) at low temperature, and successfully show that the Book is the minimum at intermediate temperatures and that cyclic isomers dominate at temperatures higher than 200 K. 89, 91, 115, 116 Because of the small energetic differences, we have reported the binding and relative energies to the second decimal place to preserve information. The actual error bars in our methodology are expected to be less than 1 kcal mol −1 for electronic energies and up to 1−2 kcal mol −1 for free energies. We weighted the contribution of each low energy isomer by its Boltzmann factor to derive Boltzmann averaged enthalpies and free energies. The Boltzmann averaged free energies were combined with realistic estimates of sulfuric acid and water vapor concentrations in the troposphere to determine abundances of sulfuric acid monomer and dimer hydrates at equilibrium. 117 Standard state conditions are 1 atm pressure and the stated temperature. Molecular graphics are generated with Chimera 1.6 using the default hydrogen bond definitions. 118 
RESULTS
The 65 minima located in this study for (H 2 SO 4 ) 2 Table  7 contains the RI-MP2/CBS//6-31+G* Boltzmann averaged scaled harmonic binding energies for the formation of the sulfuric acid dimer hydrates displayed in the figures. Figure 8 shows the thermodynamics for adding water monomers to a (H 2 SO 4 ) 2 (H 2 O) n−1 cluster to form (H 2 SO 4 ) 2 (H 2 O) n clusters and this process becomes thermodynamically unfavorable with increasing cluster size. However, the combination of sulfuric acid monomer hydrates to form dimer hydrates is substantially more favorable as illustrated in Figure 9 . The dissociation of sulfuric acid into ion pairs occurs even in small gas-phase clusters such as the dimer hydrates investigated in this study. As Figure 10 demonstrates, the first acid dissociation of one of the sulfuric acids occurs in the presence of two waters at 0 K and three waters at 298.15 K. Both sulfuric acids of the dimer hydrate undergo first acid dissociation to two bisulfate anions and two hydronium cations in the presence of four waters at 0 K and five waters at 298.15 K. Figure 11 shows the equilibrium sulfuric acid monomer and dimer hydrate concentration at 20%, 50%, and 100% relative humidity, a sulfuric acid concentration of 5 × 10 7 molecules/cm 3 , and three different temperatures of interest for atmospheric chemistry. The hydrate concentration shows little dependence on relative humidity and a significant variation with temperature. The concentration of H 2 SO 4 (H 2 O) n typically exceeds that of (H 2 SO 4 ) 2 (H 2 O) n by a few orders of magnitude for small n, but (H 2 SO 4 ) 2 (H 2 O) n forms in significant numbers at low temperatures.
DISCUSSION

Anharmonicity Corrections.
In the absence of complete experimental vibrational data, a common occurrence for most hydrogen bonded systems and these sulfuric acid dimer hydrates, we have used VPT2 110 anharmonic frequencies as a substitute. The water dimer is the only water cluster system where the vibrational spectrum is fully 87 resolved, and for this system VPT2 frequencies are very close to experiment. 87, 119, 120 We have derived accurate scaling factors for the harmonic frequencies, ZPVE and thermodynamic corrections for use on larger water clusters. 90 Thermodynamic corrections calculated using VPT2 frequencies agree better with experiment 121 and benchmark theory 122 for the dimerization energy of water. Spectroscopic studies of sulfuric acid have yielded insight on photolysis, vibrational, and electronic structure, 123−129 but the experimental spectra of it and its monohydrate 124 are incomplete and assignments are ambiguous. Therefore, we have used VPT2/MP2/aVDZ anharmonic frequencies as proxies for experimental frequencies, and to derive scaling factors for sulfuric acid monomer hydrates. 59 Others have used VSCF 130 to obtain fundamental frequencies. 131 Here, we use the VPT2/MP2/6-31+G* anharmonic ZPVE, vibrational enthalpy and entropy to derive scaling factors. The scaled harmonic ΔE(0K), ΔH(298.15K), and ΔG(298.15K) compare well with the anharmonic analogs as indicated by low MAE values in Table 1 . The anharmonic correction is largest for the Gibbs free energy due to the large dependence of the entropy on the highly anharmonic low frequency vibrational modes. 4.2. Structures. Sulfuric acid has a dipole moment of 2.96 D; 132 the complex with water has dipole moments ranging from 2.6 to 3.0 D. 133 It has extremely strong interactions with other sulfuric acid monomers and with water, 134 making the search for all possible configurations of these complexes challenging. Although we cannot guarantee that we have found the global minimum in every set of isomers, we believe that we have widely sampled the RI-MP2 hypersurfaces and have located a compelling set of diverse structures for each set of clusters. Figure 1 shows that the sulfuric acid dimers, (H 2 SO 4 ) 2 , have four isomers in close energetic proximity. The first two isomers, I-a and I-b are composed of one cis-and one trans-H 2 SO 4 and have C 1 symmetry. The I-c and I-d isomers are composed of two trans-H 2 SO 4 monomers and have C i and C 2 symmetry, respectively. The I-a (C 1 ) isomer has three strong hydrogen bonds, making it the electronic energy minimum. The I-b (C 1 ) dimer also has three hydrogen bonds, but one is a weaker O− H---O−H interaction, as opposed to the stronger O−H---O bonds found in I-a (C 1 ). The I-c (C i ) dimer, arranged in a trans−trans configuration, only has two strong hydrogen bonds and its higher entropy makes it the free energy minimum. The I-d (C 2 ) dimer also has two strong hydrogen bonds, but it is less stable than I-c (C i ) due to the proximity of the two free hydroxyl groups and its lower rotational entropy as a result of its C 2 spatial symmetry.
For (H 2 SO 4 ) 2 (H 2 O) hydrates, we located eight low-lying conformers. As shown in Figure 2 , the I-a isomer has the lowest electronic and free energy, although five of the next six conformers are within 0.6 kcal mol −1 of the free energy minimum and uncertainties in the scaled harmonic approximation make it impossible to claim for certain that I-a is the global free energy minimum. The I-a structure is based on the I-a (C 1 ) dimer ( Figure 1 ), with water bound to the remaining free hydroxyl group (or acidic proton). The I-b isomer is based on the I-b (C 1 ) dimer, and the I-f isomer is based on the I-c (C i ) dimer ( Figure 1 ); in these three structures a water serves as a hydrogen bond acceptor from a hydroxyl group of a sulfuric acid. The primary hydrogen bonds between the acidic proton of sulfuric acid and the acceptor water are strong in these structures, characterized by short hydrogen bond lengths and angles approaching linearity. 2 The remaining five isomers have the sulfuric acid dimer structure perturbed by a single donor-single acceptor (I-c, I-d, I-g, I-h) or double acceptor (I-e) water molecule bridging the two sulfuric acids. Overall, the addition of a water molecule to the sulfuric acid dimer allows the formation of one more outer or bridging hydrogen bond. With the exception of the I-e isomer, the additional hydrogen bond has a short distance (1.55−1.70 Å) compared to the hydrogen bonds in the unhydrated dimer. Figure 3 displays the twelve (H 2 SO 4 ) 2 (H 2 O) 2 isomers. Three of the lowest energy isomers are di-ionic structures. The lowest electronic energy structure is clearly the di-ionic isomer II-a in which the three bisulfate oxygens accept four hydrogen bonds from the sulfuric acid (two), the hydronium, and the water. In terms of free energy, however, the neutral structure I-c is the minimum energy structure, which can be thought of as the (H 2 SO 4 ) 2 (H 2 O) structure I-c with an extra water accepting a hydrogen bond from one of the sulfuric acid hydroxyl groups.
Isomer I-f is 0.85 kcal mol −1 higher in free energy, and this structure consists of the (H 2 SO 4 ) 2 dimer structure I-d (C 2 ), with two water molecules acting as hydrogen bond acceptors on either side of the sulfuric acid dimer structure. Structures I-c, I-f, and I-i allow for an interesting perspective on the methods used in this study. Structures I-f and I-i can be constructed from the (H 2 SO 4 ) 2 dimers I-d (C 2 ) and I-c (C i ), simply by adding water molecules in obvious places, yet these two (H 2 SO 4 ) 2 (H 2 O) 2 structures are both approximately 4 kcal mol −1 higher in electronic energy than the II-a minimum, and 1−2 kcal mol −1 higher than the I-c free energy minimum.
The twelve lowest energy structures for the (H 2 SO 4 ) 2 (H 2 O) 3 cluster are displayed in Figure 4 . Four of the lowest energy structures are neutral, seven are di-ionic, and one (III-a) is tetra-ionic, meaning that both sulfuric acid molecules have dissociated to two bisulfate and two hydronium ions. The neutral and di-ionic structures (except II-c) have a network of seven hydrogen bonds and the tetra-ionic structure (III-a) has a network of nine hydrogen bonds. Structures II-a and II-b are the most stable in terms of electronic and free energy at 298.15 K, respectively. In both isomers, the water−hydronium−water hydrogen bonding network and the remaining sulfuric acid all donate hydrogen bonds to the bisulfate anion. Unlike the neutral structures where the waters are equally likely to form bridging or outer hydrogen bonds, the hydronium in the diionic isomers favors the formation of bridging structures where the hydronium ion donates three hydrogen bonds. The tetraionic structure III-a, although much higher in energy than the minimum, illustrates a new structural motif that emerges as more waters are added. In this isomer, the hydroniums and the water are inserted between the bisulfates, bridging the two anions. There are no hydrogen bonds between the bisulfates and this configuration provides charge separation thereby minimizing the electrostatic repulsion between the bisulfate anions as well as the hydroniums. Also, even though the bisulfate ion, the hydronium ion and water each have large dipole moments of their own, they mostly cancel each other out leading to a much smaller electric dipole moment for the tetra-ionic isomer compared to those of the neutral and di-ionic clusters. The electric dipole moment for all species is provided in Table S14, Supporting Information. The symmetric C s tetraionic structure has nine hydrogen bonds and correspondingly lower entropy than the neutral and di-ionic isomers. Thus, it is more favorable energetically than it is entropically: ΔΔE < ΔΔG°.
For the (H 2 SO 4 ) 2 (H 2 O) 4 system, we found the two neutral, six di-ionic, and six tetra-ionic isomers shown in Figure 5 . The tetra-ionic structure III-a is the lowest electronic energy isomer and there is no other isomer within 1 kcal mol −1 . Similar to the III-a isomer of (H 2 SO 4 ) 2 (H 2 O) 3 , the hydroniums and waters bridge the two bisulfates in the 10 hydrogen bond network of the III-a isomer. With the exception of the III-f structure, all the tetra-ionic isomers have a notable spatial symmetry and a small dipole moment (0.00−2.85 D) compared to that of neutral and di-ionic clusters (3.71−7.59 D). The di-ionic structure II-b is the lowest free energy structure. Here the neutral sulfuric acid donates two hydrogen bonds to the bisulfate, and the three waters and the hydronium form a network bridging the dimer structure. Overall II-b has a network of nine hydrogen bonds. The neutral isomers, I-a and I-b are very unfavorable, with their electronic energy lying more than 6 kcal mol −1 above the global minimum. The typical distance between the two sulfurs for the low energy structures is around 4 Å for the neutral and di-ionic clusters but increases to about 5 Å for the tetra-ionic isomers. This increase can be attributed to the repulsion between the like-charged ions even though recent publications on monovalent ions indicate that like-charged ions in aqueous solution can actually attract each other strongly if their charge density is large such as for fluoride ions. 135 The ions in our (HSO 4 − ) 2 (H 3 O + ) 2 (H 2 O) n−2 have low charge density and the net interaction between the like-charged ions should be repulsive.
The seven lowest energy isomers for the (H 2 SO 4 ) 2 (H 2 O) 5 system are displayed in Figure 6 . The lowest energy structures are now the tetra-ionic moieties III-a (electronic) and III-c (free 3−4 , the bisulfate anions are separated by the hydronium ions and waters, leading to a symmetric structure that is very favorable energetically. In terms of electronic energy, the most stable diionic and neutral isomers are 1.80 and 10.95 kcal mol −1 higher, respectively, but they are only 0.23 and 6.41 kcal mol −1 higher in terms of G°(298.15K). Figure 7 displays the eight low energy isomers for the (H 2 SO 4 ) 2 (H 2 O) 6 cluster. The electronic and free energy minimum is the tetra-ionic structure III-a, which is a globular structure with the hydrogen-bonding network spanning the outside of this cluster. The other two structures within a kcal mol −1 of electronic or free energy are the III-b tetra-ionic structure and the II-c di-ionic structure. Ring formation is a known dominant motif in multiply hydrated acid complexes, 2 and the sulfuric acid clusters reported in this study form closed rings.
4.3. Acid Dissociation. Water catalyzes and mediates a lot of processes including acid dissociation. 136 The dissociation of a hydrated sulfuric acid moiety into hydrated ionic species is one of the most interesting features of sulfuric acid hydrates. As a strong acid, sulfuric acid completely dissociates in aqueous solutions, and deprotonation in the gas phase happens in the presence of a few waters. Numerous researchers have predicted the gas-phase deprotonation of a single H 2 SO 4 to occur at different cluster sizes depending on the temperature and the level of theory employed. [51] [52] [53] [54] [55] 137 Leopold's recent review of hydrated acid clusters made the point that strong monoprotic acids typically need three to five water molecules before the lowest energy complex contains the ionized acid. 2 He notes that the relative stability of the neutral and ionized species depends on a delicate balance between proton transfer energy, Coulombic attraction, and hydrogen-bond stabilization. 2 Our calculations on H 2 SO 4 (H 2 O) n=1−6 predict that the ionic pair clusters become the global minima in terms of E e and G(298.15K) when n ≥ 4 and n = 6, respectively. 59 Acid dissociation at a molecular level has been of great interest. Recent experimental works on the aggregation-induced acid dissociation of HCl(H 2 O) n 138−140 suggest a mechanism for the proton transfer process. Bianco and Hynes studied the H 2 SO 4 first acid dissociation on the surface of aqueous aerosols using theoretical methods. 141, 142 For (H 2 SO 4 ) 2 (H 2 O) n clusters, Ding et al.'s DFT work predicted ion pair formation to occur in the presence of two or more waters. 98 The present work agrees with the previous prediction. Our results provide a picture of the first deprotonation of sulfuric acid as a function of temperature for a system consisting of two sulfuric acid molecules and up to six waters (Figure 10 ). At 0 K, a cluster of two sulfuric acid molecules and a single water remain undissociated. Addition of a second water results in deprotonation of most of the clusters, with the di-ionic species more stable than completely neutral moieties. Upon the addition of a third water molecule, the second sulfuric acid molecule begins to dissociate. For the (H 2 SO 4 ) 2 (H 2 O) 3 cluster, the di-ionic cluster is a few kcal mol −1 more stable than the neutral cluster, which is just slightly more stable than the tetraionic cluster (Figure 10, top 3 , for a cluster of two sulfuric acid molecules and four waters at 0 K. Increasing temperature does not change the start of dissociation but does favor the undissociated clusters, and at room temperature we predict that the di-ionic species is slightly more favorable than the neutral cluster once three waters have been added to the cluster. The tetra-ionic species competes with the di-ionic species once five waters have been added to the cluster ( Figure   10 , bottom right). The finding that two sulfuric acids begin to dissociate in the presence of fewer waters than does a single sulfuric acid may have important implications for solutions of concentrated sulfuric acid. Because the relative acidity of a cluster increases with the number of sulfuric acid monomers present, it makes sense that fewer waters are needed to cause the acid dissociation. We tentatively predict that less water is necessary for acid dissociation to begin when more sulfuric acid molecules are present.
4.4. Thermodynamics of (H 2 SO 4 ) 2 (H 2 O) n Formation. The structure and thermodynamics of (H 2 SO 4 ) 2 (H 2 O) n have been investigated using various density functional methods [B3LYP/6-311++G(2d,2p), 143 PW91/DNP, 9856 and PW91/6-311++G(3df,3pd) 144 ] and wave function methods [RI-MP2/ aV(T+d)Z//MPW1B95/aV(D+d)Z 145 and RI-MP2/def2-QZVPP 1 4 6 ]. Most of these studies focused on (H 2 SO 4 ) 2 (H 2 O) n=0−2 , and the PW91/DNP work by Ding et al. 98 is unique in that it explores (H 2 SO 4 ) 2 (H 2 O) n=0−8 and the role of acid dissociation that emerges for n ≥ 2.
Tables 2−6 contain the scaled harmonic binding energies, enthalpies, and free energies for the (H 2 SO 4 ) 2 (H 2 O) n=0−6 clusters, with the single point energies computed with the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets and extrapolated using eq 1 before the inclusion of the scaled harmonic thermodynamic corrections as described in the Methodology and footnoted in the tables. The dimerization of sulfuric acid is exothermic by 16−17 kcal mol −1 , and the formation of a cluster containing two sulfuric acids and a water is exothermic by 27−29 kcal mol −1 . For a cluster containing two sulfuric acids and six waters, 74−84 kcal mol −1 is released. Free energies are lower, but still largely negative, ranging from −7 kcal mol −1 for dimerization of sulfuric acid, to −10 kcal mol −1 for the formation of the (H 2 SO 4 ) 2 6 cluster, all at room temperature. These values are in good agreement with previous results by Torpo 146 using the RI-MP2/QZVPP method for selected isomers of (H 2 SO 4 ) 2 (H 2 O) n=0−1 . There is, however, a significant disagreement with results based on density functional methods. Although an earlier B3LYP/6-311+ 143 underestimates the binding energy of the sulfuric acid dimer hydrates due to its failure to account for acid dissociation, studies employing PW91/DNP 56, 98 predict stronger binding compared to our work. Table 7 contains the Boltzmann averaged energies, both for the overall formation of each cluster (top) and for the stepwise hydration of each cluster (bottom). At 217 K, the temperature at the top of the troposphere, the free energies range from −10 kcal mol −1 for dimerization to −36 kcal mol −1 for formation of the (H 2 SO 4 ) 2 (H 2 O) 6 cluster. Clearly, the thermodynamics favor formation of these structures. All of the stepwise free energies are negative, except for the formation of (H 2 SO 4 ) 2 (H 2 O) 6 from (H 2 SO 4 ) 2 (H 2 O) 5 and a sixth water, at T = 298 K. These results are shown graphically in Figure 8 . The formation of the (H 2 SO 4 ) 2 (H 2 O) 4 cluster appears to be particularly favorable, as the ensemble of the electronic energy minima dip to a minimum in the stepwise hydration. Clusters with n = 2, 4, 5 are clearly favored by free energy at all three temperatures.
The relative electronic energies at 0 K, and Gibbs free energies at 217 and 298 K for neutral (I), di-ionic (II), and tetra-ionic (III) sulfuric acid dimer hydrates under standard state conditions are illustrated in Figure 10 . The figure demonstrates that the undissociated dimer hydrates (I) are the most stable clusters for n = 0−1, whereas both neutral and di-ionic clusters are found within 2 kcal mol −1 of the global minimum for n = 2−3. For n > 3, all the clusters within 2 kcal mol −1 of the global minimum were either di-ionic or tetra-ionic. The di-ionic and tetra-ionic structures are more strongly bound and hence have lower entropy. Thus, they become less favorable with increasing temperature, but they remain the global minima up to 298.15 K for n ≥ 3.
4.5. Abundance of (H 2 SO 4 ) 1−2 (H 2 O) n at Ambient Conditions. The concentration of a given cluster in the atmosphere can be estimated from the thermodynamics of Figure 8 . Assuming a closed system, and initial concentrations, one can solve for all of the equilibrium equations for the system. Using the RI-MP2/CBS//6-31+G* scaled harmonic free energies reported in Table 7 , we calculated the concentration of H 2 SO 4 (H 2 O) n and (H 2 SO 4 ) 2 (H 2 O) n with a standard state of 1 atm and T = 216.65, 273.15, and 298.15 K for n = 0−6 waters. The saturation vapor pressure of water vapor corresponds to a number concentration of 9.9 × 10 14 , 1.6 × 10 17 , and 7.7 × 10 17 cm −3 at the three temperatures. 6 The concentration of sulfuric acid vapor in the atmosphere typically ranges from 10 5 −10 8 cm −3 on the basis of location and other factors. 21 We used a sulfuric acid concentration of 5 × 10 7 cm −3 because a concentration above ∼10 7 cm −3 is needed for nucleation to take place. 147 Because the concentration of water vapor is much larger than that of sulfuric acid, it is assumed to remain unchanged by the hydration of the acid. We have calculated the equilibrium sulfuric acid hydrate distribution at 20%, 50%, and 100% relative humidity (RH). As shown in the top right-hand side of Figure 11 , at the top of the troposphere where the temperature is 217 K and the concentration of water vapor is 9.9 × 10 14 cm −3 at 100% RH, the concentration of water drives the formation of the singly hydrated sulfuric acid up to four added water molecules. For a fifth water, the dimeric sulfuric acid cluster with n = 5 now exceeds the concentration of a monomeric sulfuric acid with n = 5, and both concentrations fall off to less than 1000 clusters/ cm 3 when n = 6. At 20% relative humidity (top left-hand side of Figure 11 ), the concentrations of the monomeric sulfuric acid clusters fall off faster, and there are virtually no monomeric or dimeric clusters present with six water molecules. The bottom of Figure 11 shows that at room temperature the equilibrium thermodynamics combined with the initial concentrations of water and sulfuric acid lead to the complete production of monomeric sulfuric acid clusters, with virtually no (H 2 SO 4 ) 2 (H 2 O) n clusters produced. Figure 11 shows that the sulfuric acid monomer hydrates form in much larger quantities than the dimer hydrates. The ratio of the concentration of sulfuric acid dimer hydrates to monomer hydrates is about 10 −3 at 216.65 K and 10 −6 at 298.15 K, 100% RH in an equilibrium situation. The difference grows rapidly with increasing temperature but has a weak dependence on the relative humidity. Both the ratio of dimeric to monomeric hydrates and the small RH dependence of the dimeric hydrate concentration are in fairly good agreement with predictions by Hanson and Lovejoy. 148 From the different conditions they considered, the ratio of the dimeric to monomeric hydrates was largest (∼10 −2 ) at [H 2 SO 4 ] = 1.3 × 10 9 cm −3 and T = 233 K; at higher temperatures, the ratio was 10 −3 or smaller. On the other hand, Petajäet al. 149 observed sulfuric acid dimer to monomer ratios of about 0.1 even in ultraclean experimental conditions at 293 K and 22% RH. The presence of ternary species like ammonia and amines can possibly explain the discrepancy between the two works. 149−151 Capillary liquid drop (CLD) model 35 and lab experiments 48 indicate that sulfuric acid is extensively hydrated even at low (<20%) relative humidity, yet our previous results on monomeric sulfuric acid predicted that 50−60% remains unhydrated at 20% RH and 298.15 K. 59 Because the ratio of dimeric to monomeric sulfuric acid hydrates is 10 −3 or smaller under most conditions, the extent of hydration our calculations predict will remain small compared to CLD predictions and experiment. Because including the effect of hydration from a CLD model decreases nucleation rates by a factor of 10 3 −10 8 , 41 one reason for discrepancy between classical nucleation theory predictions and experimental observations could be an overestimation of sulfuric acid hydration in other models. 49 Our model predicts much less hydration than CLD, and the difference is a result of our ΔG(T) values of hydration, which are higher than classical estimates. Xu and Zhang 152 suggest that caution must be taken in estimating equilibrium hydrate distributions using calculated Gibbs free energies and concentrations of monomer vapors because equilibrium for the various nucleating species is rarely established due to low concentrations. They also argue that making the ideal gas assumption overestimates the translational entropy and gives Gibbs free energies that are too high. As a result, free energies computed using quantum mechanical methods in combination with the ideal gas, rigid rotor, and harmonic oscillator models do not exhibit nucleation barriers that are central to classical nucleation theory. 4.6. Atmospheric Implications. One of the ongoing debates in aerosol science is the relative importance of binary, ternary, and ion-induced nucleation in aerosol formation. 15 Sipiläet al. have suggested that H 2 SO 4 −H 2 O binary nucleation can explain observed new particle formation rates at ambient concentrations of H 2 SO 4 (∼10 5 −10 7 /cm 3 ) as long as the experimental techniques used can accurately measure the gaseous H 2 SO 4 and efficiently detect small (<1.5 nm in diameter) particles. 24 By looking at the dependence of the nucleation rate on the concentration of the H 2 SO 4 precursor, the authors concluded that the critical nuclei of this binary system must have one or two H 2 SO 4 molecules. Recent studies have determined that the presence of other species like ammonia and amines in trace amounts explains the low dependence of the nucleation rate on the concentration of H 2 SO 4 . 29 Thus, binary nucleation by itself is not sufficient to achieve observed new particle formation rates under ambient conditions. Our thermodynamic results combined with mass balance effects provide a theoretical framework for why binary nucleation is not favorable. Ternary nucleation involving ammonia at atmospherically relevant concentrations enhances the nucleation rates, but by how much is still being debated. Galactic cosmic rays have been implicated as a possible source of ions, which increase new particle formation rates.
On [7] [8] [9] [10] [11] [12] [13] 158 or many more sulfuric acids. 6 Nevertheless, our results on sulfuric acid monomer and dimer hydration demonstrate that the growth of single sulfuric acid hydrates through the stepwise addition of water is thermodynamically limited. The combination of sulfuric acid monomer hydrates to form dimer hydrates is thermodynamically favorable as shown in Figure 9 , but it is limited by the low concentration of sulfuric acid and its hydrates relative to water vapor. In spite of that, Petajäet al. find that the rate of formation of sulfuric acid dimer is 2−4 orders of magnitude larger than that of 1.5 nm particles, a typical size of a critical cluster. Therefore, they conclude that the formation of sulfuric acid dimers is not the rate limiting step in the nucleation of sulfuric acid aerosols. 149 This work of Petajäet al. does not rule out the presence of trace amounts of ternary species for aerosol formation. The recent CLOUD experiment determined that the presence of ammonia ([NH 3 ] ∼ 10 9 cm −3 ) increased the particle formation rates by a factor of 100−1000. 29 Lee and co-workers' laboratory measurements of binary and ternary homogeneous nucleation under atmospherically relevant conditions ([H 2 SO 4 ] = 10 6 −10 7 cm −3 , [NH 3 ] = 10 9 −10 12 cm −3 , and T = 288 K) showed that ammonia increases aerosol nucleation linearly by up to a factor of 10. This enhancement factor increases with decreasing sulfuric acid concentration and relative humidity. 156 A similar study with trimethylamine (TMA) reveals that at low relative humidity, TMA enhanced nucleation up to an order of magnitude greater than ammonia. 150 A recent kinetic study of the nucleation of a multicomponent system with sulfuric acid, water, ammonia, and amines provided evidence that both ammonia and amines can participate in particle nucleation and growth. 151 The enhancement of new particle formation due to ammonia and amines is related to their basicity, indicating that acid−base reactions (also referred to as base-stabilization 29 ) is an important
The Journal of Physical Chemistry A Article dx.doi.org/10.1021/jp3054394 | J. Phys. Chem. A 2012, 116, 9745−9758 mechanism in aerosol nucleation and growth. 151 The effect of organic acids on the initial formation of molecular complexes may be sizable, but their contribution to particle growth is negligible due to their hydrophobicity. 27, 159 Using our Boltzmann averaged Gibbs free energies for both the sulfuric acid monomer and dimer hydrates, Figure 11 shows that the sulfuric acid monomer hydrates are at least 2 orders of magnitude more abundant than the dimer hydrates. The difference grows rapidly with increasing temperature but has a weak dependence on the relative humidity. This result is not surprising because the concentration of sulfuric acid (5 × 10 7 cm −3 ) is much smaller than that of water vapor (10 15 −10 18 cm −3 ). Therefore, what limits the formation of dimer hydrates is the concentration of sulfuric acid, not water. As shown in Figure 9 , the combination of sulfuric acid monomers and/or its hydrates to form dimers and bigger clusters is thermodynamically favorable, but it might be kinetically limited because the concentration of the sulfuric acid monomers and hydrates is much smaller than that of water monomers. 13 The ratio of the number concentration of sulfuric acid dimer hydrates to monomer hydrates is about 10 −3 at 216.65 K and 10 −6 at 298.15 K, 100% RH in an equilibrium situation.
CONCLUSIONS
We have studied the thermodynamics of sulfuric acid dimer hydration using high-level ab initio calculations and explored its implication on acid dissociation and atmospheric aerosol formation. For (H 2 SO 4 ) 2 (H 2 O) n where n = 0−6, we located the putative global and many low-lying local minima for each cluster size. The results provide a picture of the first deprotonation of sulfuric acid dimer hydrates to form di-ionic [H 2 SO 4 (HSO 4 − )(H 3 O + )(H 2 O) n − 1 ] and tetra-ionic [(HSO 4 − ) 2 (H 3 O + ) 2 (H 2 O) n−2 ] clusters as a function of temperature for a system consisting of two sulfuric acid molecules and up to six waters. At 0 K, a sulfuric acid dimer undergoes the first acid dissociation of one sulfuric acid after the addition of only two waters and both acids after the addition of four waters. At 298.15 K, a sulfuric acid dimer undergoes the first acid dissociation of one sulfuric acid after the addition of three waters and both acids after the addition of five waters. As the sulfuric acids dissociate in the presence of waters, they form symmetric, charge separated structures that are energetically favorable but entropically constrained. The thermodynamics of sulfuric acid dimer hydration is favorable up to n = 5 at 298 K and n = 6 at lower temperatures. A much more thermodynamically favorable pathway for the formation of sulfuric acid dimer hydrates is through the combination of sulfuric acid monomer hydrates, but kinetic effects appear to limit that process due to the low concentration of sulfuric acid relative to water vapor at ambient conditions. The finding that two sulfuric acids begin to dissociate in the presence of fewer waters than does a single sulfuric acid may have important implications for solutions of concentrated sulfuric acid; we tentatively predict that the more sulfuric acid present the less water is necessary for acid dissociation to begin.
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